Abstract. Caribbean spiny lobsters ( Panulirus argus ) rely on their sense of olfaction for many behaviours. Growth of their olfactory systems, and maintenance of olfactory function, is ensured by structural change that occurs continuously throughout life. In this paper, we review recent studies on postembryonic development in the olfactory system of P . argus and several other decapod species. Major structural change occurs in both the peripheral and central olfactory systems; it includes addition and loss of olfactory receptor neurons (ORNs), aesthetasc and other sensilla, and interneurons associated with the olfactory lobes of the brain. From these studies it is clear that continuous growth and turnover of olfactory tissue is a normal process in decapod crustaceans. In addition, we describe for the first time mechanisms that enable the peripheral olfactory system of spiny lobsters to regenerate after injury. We monitored the regeneration of olfactory tissue using in vivo incorporation of the cell proliferation marker 5-bromo-2 ′ -deoxyuridine (BrdU). Our results show that regeneration after partial antennular amputation, which reduces the length of the antennule and thereby the number of ORNs, occurs as a result of upregulation of the normal mode of ORN addition and down-regulation of loss. In contrast, localized injury to aesthetasc sensilla, which causes the associated ORNs to degenerate but does not reduce antennular length, is followed by local regeneration of olfactory tissue.
Introduction
Lobsters rely on olfactory cues for many behaviours (Atema 1995 (Atema , 1996 Eggleston 1998, 2000; Derby et al . this issue) , so it is imperative that they retain olfactory function throughout life, particularly because many lobsters have indeterminate growth and an indeterminate life span (Hartnoll 1981) . Recent studies have shown that persistent postembryonic development of the olfactory system occurs in lobsters and other decapod crustaceans (Harzsch and Dawirs 1996; Sandeman and Sandeman 1996, 2000; Schmidt 1997; Sandeman et al . 1998; Harrison et al . 1999 Harrison et al . , 2001 Harzsch et al . 1999; Schmidt and Harzsch 1999; Schmidt and Hansen 2000) . These animals continually add olfactory tissue to accommodate their increasing body size (Laverack 1988) , and additional mechanisms enable them to combat factors that can lead to a loss of olfactory function (Sandeman et al . 1998 ). These factors include, for example, the natural senescence of olfactory receptor neurons (ORNs), localized damage to peripheral receptors, and in extreme cases, complete loss of the peripheral olfactory organs.
Lobsters have chemoreceptors over their entire bodies, but the main olfactory system consists of aesthetasc sensilla (located on the antennules) and associated ORNs, whose axons project to olfactory lobes in the brain ( Fig. 1 ) (Ache and Derby 1985; Schmidt and Ache 1992, 1996) . The antennules are bifurcated appendages, with lateral and medial flagella. Each flagellum is composed of segments, or annuli, and aesthetascs extend from the ventral surfaces of annuli in the distal part of the lateral flagellum ( Fig. 1A-B ). In the spiny lobster Panulirus argus , each aesthetasc is innervated by a group of ORNs that form a cluster (approximately 300 ORNs per cluster) at the aesthetasc's base. The aesthetasc and its associated cluster of ORNs form a discrete unit, referred to here as the olfactory sensory unit (Fig. 1B) . Each sensory unit is thought to function similarly, on the basis of evidence that a similar proportion of ORNs in each cluster is activated by any given odor (Steullet et al . 2000 b ; Derby et al . in press) . A subadult spiny lobster (carapace length approximately 50 mm) has approximately 1000 of these repeating sensory units, for a total of 300,000 ORNs.
Axons of ORNs converge on columnar glomeruli in the olfactory lobes of the brain ( Fig. 1 ) (Sandeman and Luff 1973; Sandeman 1982; Sandeman et al . 1992; Schmidt and Ache 1992) . These afferents synapse with two main classes of interneurons in the olfactory lobe (Sandeman et al . 1992; Schmidt and Ache 1992) . The first is a class of local (intrinsic) interneurons that have synaptic connections with afferents and interneurons within the olfactory lobe. The somata of local interneurons are located in the medial cluster (Fig. 1C) . The second is a class of projection (extrinsic) interneurons that have synaptic connections with neurons in both the olfactory and accessory lobes and have axons that project to 'higher' centres in the brain. These interneurons constitute the output pathway of the olfactory system, and their somata are located in the lateral cluster (Fig. 1C) .
Examples of structural plasticity occurring throughout life in decapod crustaceans include changes in the number of olfactory sensory units (ORNs and aesthetascs) and interneurons in the medial and lateral clusters in the brain. In P . argus , persistent postembryonic development permits the addition of new olfactory tissue and, at the same time, turnover (renewal) of existing tissue. An additional developmental feature of these animals is the capacity for complete regeneration of olfactory tissue after damage to or even complete loss of the olfactory system. The lobster's ability to regenerate olfactory tissue is important, given that the olfactory sensory units are located on the distal portion of the antennules and are actively moved in order to probe the environment. These appendages are often 'flicked' during encounters with other animals, which can include conspecifics and predators. Although this behaviour facilitates odor sampling, it also greatly increases the risk of damage.
In light of these issues, we aim here to address the question of how lobsters retain olfactory function throughout life. First we provide a brief review of recent studies on postembryonic olfactory development in decapod crustaceans, including the spiny lobster P . argus (Harrison et al . 1999 Steullet et al . 2000 a ) ; the American lobster, Homarus americanus Schmidt and Harzsch 1999) ; freshwater crayfish, Cherax destructor (Sandeman and Sandeman 1996, 2000; Sandeman et al . 1998) ; and several crab species (Harzsch and Dawirs 1996; Schmidt 1997; Schmidt and Harzsch 1999) . Developmental events that permit net addition and simultaneous replacement of both peripheral and central components of the olfactory system are discussed. Second, we present preliminary findings on regeneration of the peripheral olfactory system in P . argus . We show that, after partial amputation of the antennule, regeneration of olfactory sensory units occurs through up-regulation of the normal mode of addition and down-regulation of the normal mode of loss. Furthermore, we describe for the first time a developmental mechanism that permits local repair of olfactory sensory units after localized injury. Figure 1A adapted from Grünert and Ache (1988) , Fig.  1B (left) adapted from Michel et al. (1999) and (right) from Grünert and Ache (1988) . 
Normal Growth and Turnover in the Olfactory System
The primary developmental changes involved in normal growth and turnover of the decapod olfactory system are (i) addition and loss of olfactory sensory units (Figs 1B, 2A) and (ii) addition and loss of interneurons in the lateral and medial cell clusters in the brain (Figs 1C, 2B) . Throughout, we use the term 'normal' in reference to developmental change that occurs in the absence of injury to the antennules. It is important to emphasize that the olfactory system of a wild lobster is likely to be damaged at some point in its life. This claim is based on observations of wild animals in the Florida Keys (P.J.H.H. pers. obs.) and the signs of antennular regeneration observed in many lobsters delivered to us from the Florida Keys. For many adult lobsters, therefore, the olfactory system is probably in a constant state of normal growth and turnover, in conjunction with developmental change associated with response to injury (discussed below).
Addition and Turnover of Olfactory Sensory Units
We recently described the dynamics of ORN proliferation in P . argus after monitoring the addition of olfactory tissue in the antennule throughout the moult cycle . In these experiments, we used the cell-proliferation marker 5-bromo-2 ′ -deoxyuridine (BrdU). BrdU was administered to animals by injection, and standard immunocytochemistry was used to visualize the nuclei of cells that divided at, or shortly after, the time of the injection . The BrdU molecule is incorporated into the DNA of dividing cells and is routinely used to monitor cell proliferation (Dolbeare 1995) . Figure 2A shows an example of cell proliferation in the lateral antennular flagellum of spiny lobsters revealed by BrdU labelling. ORN clusters, each associated with a single aesthetasc sensillum, line the ventral surface of the lumen of the flagellum ( to existing ORN clusters ( Fig. 2A ) ). This region is referred to as the proximal proliferation zone (PPZ) and is indicated by the dashed line in Fig. 2A . The PPZ is spatially and temporally dynamic, and it moves proximolaterally throughout the course of the moult cycle. Continuous progression of the PPZ results in the continuous addition of ORN clusters proximal and lateral to existing clusters ( Fig. 2A ) ).
The olfactory sensory unit consists of an ORN cluster and its associated aesthetasc sensillum (Fig. 1B) , and complete development of a sensory unit is a multistep process. The first step in the developmental sequence is the generation of precursor cells, which is thought to occur in the epithelium immediately proximal to the PPZ . Patches of proliferating epithelial cells can be identified in this region ( Fig. 3B ) . Similarly, epithelial patches have been described in the vertebrate olfactory system and are thought to be a source of both ORN and glial precursors (Graziadei and MontiGraziadei 1978; Weiler and Farbman 1997) . The next step is the generation of ORN clusters, followed by the appearance of associated glia (data on glia not presented here, but see Harrison et al . 2001) . The formation of aesthetasc sensilla is the final step in this developmental sequence and occurs shortly before moult. Thus, ORNs and glia develop continuously throughout the moult cycle, and their associated aesthetascs develop shortly before moult. The proximal addition of sensory units is apparent on the external surface after each moult (Sandeman and Sandeman 1996; Steullet et al . 2000 a ) .
Newly formed olfactory sensory units require a period of at least several weeks before they begin to function (Steullet et al . 2000 a ) . This delay is probably related to the time taken for the axons of newly formed ORNs to reach and establish synaptic contacts in the brain (Steullet et al . 2000 a ) . Support for this idea can be found in studies on neuronal maturation in many systems (Sanes et al . 2000) . Support for the idea of delayed maturation of ORNs in spiny lobsters comes from studies in which ORNs have been shown to be unresponsive to odors (determined on the basis of activity labelling). These unresponsive neurons also have elevated levels of cytoplasmic taurine (Steullet et al . 2000 a ) , consistent with reports of high levels of cytoplasmic taurine in developing neurons in other arthropods and in mammals (Sturman 1993; Eichmüller and Schäfer 1995) .
Structural change in the peripheral olfactory system includes not only proximal addition, but also distal loss of olfactory sensory units. The addition of aesthetascs was first described in crayfish, and later in lobsters, by comparison of the distribution of aesthetascs on newly moulted (postmoult) antennules with their corresponding exuvia (Sandeman and Sandeman 1996; Steullet et al . 2000 a ) . Also apparent from these studies was the loss (shedding) of olfactory sensory units from the distal end of the antennule at each moult. Net addition of sensory units is achieved because proximal addition normally exceeds distal loss. Furthermore, the simultaneous occurrence of addition and loss of sensory units provides a mechanism for ORN turnover.
Turnover occurs in the olfactory and vomeronasal systems in many animals and is necessary for the maintenance of a viable receptor population (Graziadei and Monti-Graziadei 1978; Chase and Rieling 1986; Farbman 1992; Weiler and Farbman 1997; Martínez-Marcos et al . 2000 a , b ) . Interestingly, the crustacean mode of ORN turnover appears to differ from that reported in other animals. In crustaceans, the loci of addition and loss are spatially separated, and turnover involves addition and loss of entire sensory units. In contrast, turnover in the olfactory system of mammals and molluscs can occur at any position in the olfactory epithelium and operates at the level of individual ORNs (Graziadei and Monti-Graziadei 1978; Chase and Rieling 1986; Farbman 1992 ). Whether or not lobster ORNs are replaced in this manner remains to be shown. Regardless, the ordered addition and loss of olfactory sensory units might reflect a common mode of receptor turnover in crustaceans, given that a similar mechanism has been documented for crustacean mechanoreceptors (Schmitz 1992; Macmillan et al . 1998; Stuart and Macmillan 1999) . On the basis of an estimate of the number of olfactory sensory units added and lost in subadult spiny lobsters, a single sensory unit is expected to exist at most over four to five moults before being shed (Steullet et al . 2000 a ) .
Addition and Turnover of Olfactory Interneurons
Structural change in the crustacean olfactory system is not restricted to the periphery but also occurs in the central nervous system. Postembryonic addition of crustacean olfactory interneurons was first reported in the spider crab Hyas araneus (Harzsch and Dawirs 1996) and since then has been described in detail in several other crustacean species (Schmidt 1997; Sandeman et al. 1998; Harzsch et al. 1999; Schmidt and Harzsch 1999; Sandeman and Sandeman 2000) . Figure 2B shows an example of proliferating interneurons in both the medial and lateral clusters in the brain of P. argus. The medial cluster is composed primarily of local interneurons and the lateral cluster primarily of projection neurons (see Introduction) (Sandeman et al. 1992; Schmidt and Ache 1992, 1996) .
In spiny lobsters, experiments using BrdU have shown that cell proliferation occurs continuously in both the medial and lateral clusters but does so in a restricted zone (proliferation zone) on the inner edge of each cluster (Fig.  2B ) (Schmidt and Harzsch 1999; Schmidt and Hansen 2000) . The fate of these proliferating cells has been monitored by 'pulse-chase' experiments, in which a single injection of BrdU was administered, and cell proliferation was measured after times that ranged from several hours to over one year (Schmidt and Harzsch 1999; Schmidt and Hansen 2000) . These experiments revealed that cells first emerge in the proliferation zone and then migrate 'outward' to occupy a position in the outer margin of the respective cluster (Schmidt and Hansen 2000; see also Sandeman et al. 1998; Harzsch et al. 1999 for the similar process in other crustaceans). Cells located in the proliferation zone of the lateral cluster are smaller than those in the outer portions of the cluster, but these cells attain characteristics of mature interneurons, such as an increase in size and expression of neurotransmitters and neuropeptides, as they migrate out from the proliferation zone (Schmidt and Hansen 2000) . Thus, as is the case in the peripheral olfactory system, newly developed interneurons require a period of differentiation before they mature, presumably linked to the time taken to establish synaptic connections.
Structural change in the crustacean brain also occurs as a result of loss (death) of olfactory interneurons. Cell death is a common feature in developing nervous systems (Oppenheim 1991) and appears to play a role in shaping the olfactory interneuronal cell clusters throughout life in crustaceans (Sandeman et al. 1998 (Sandeman et al. , 2000 Harzsch et al. 1999) . In the lobster H. americanus and the freshwater crayfish C. destructor, cell death occurs in the outer margins of the lateral cell clusters, and the simultaneous occurrence of both cell birth and death has been taken as evidence for turnover of interneurons (Sandeman et al. 1998; ). The precise role that cell death plays in shaping interneuronal clusters in P. argus remains to be shown. To date, cell death has only been observed adjacent to the proliferation zone, so this process might be involved in regulating the number of new interneurons formed (Schmidt and Hansen 2000) . Interestingly, a recent study using C. destructor suggests that the number of new interneurons is balanced by rates of proliferation and death, which in turn depend on environmental conditions (Sandeman and Sandeman 2000) .
Regeneration of the Peripheral Olfactory System in Spiny Lobsters
In this section, we present preliminary findings on structural change that occurs in the peripheral olfactory system of P. argus after injury. The capacity to regenerate appendages is a characteristic of many crustaceans (Skinner 1982) , making these animals attractive for studies on postembryonic development. Here we discuss development that occurs in response to two types of injury. The first type is simulated by antennular amputation, which causes either partial or complete loss of olfactory sensory units depending on the extent of the injury. In this case, the length of the antennule is reduced. The second type of injury is simulated by localized ablation of olfactory sensory units. In this case, individual sensory units are removed, but the length of the antennule is unaffected. As discussed below, different mechanisms are used to restore olfactory tissue depending on the nature of the injury.
Regeneration after Antennular Amputation
Antennular amputation is expected to simulate a realistic injury that is common for spiny lobsters. Observations of wild lobsters and those delivered to us from the Florida Keys indicate that the outer portion of the aesthetascbearing region of the antennule is often damaged. Complete loss of the aesthetasc-bearing region of the antennule also occurs but is observed less frequently (P.J.H.H. pers. obs.). After this type of injury, a membranous scar forms at the site of damage (Skinner 1982; Stevenson 1982) , and this site then becomes the new antennular tip. Antennules that are damaged in this way will typically regenerate over the course of several moult cycles, depending on the extent of the injury. We have recently performed experiments that show that regeneration of olfactory tissue after this type of damage involves up-regulation of the normal pattern of proximal addition and down-regulation of distal loss.
Our results suggest that up-regulation of proximal addition begins within one week of antennular amputation, as revealed by an increase in the number of cells that incorporated BrdU after injury (Fig. 3) . In these experiments, we amputated the outer two-thirds of the aesthetasc-bearing region of the right antennule (n = 6). The left antennule remained intact to serve as a control. Injections of BrdU were administered one week later, and evidence for up-regulation of proximal addition consisted of an increase in the number of (i) proliferating epithelial patches and (ii) ORN clusters in amputated antennules over that in intact ones (Fig. 3) . In all cases, proliferation of ORNs occurred proximal to the existing clusters and not more distally (i.e., not at the antennular tip), consistent with the normal mode of ORN addition described earlier.
We have performed separate experiments that support the idea of amputation-induced up-regulation of proximal addition and further suggest that regeneration after this type of injury involves down-regulation of distal loss. For these experiments, a similar amputation-protocol was followed, but animals were then returned to their holding tanks until they moulted. After moult, the distributions of aesthetascs on newly moulted antennules were compared to those on the corresponding exuvia. The results showed that significantly more aesthetascs were added proximally on amputated than on normal (intact) antennules (Fig. 4) . Furthermore, significantly fewer aesthetascs were lost (shed) from amputated than from normal antennules (Fig. 4) . It is worth noting that proximal addition of olfactory sensory units without distal loss occurs in juvenile crayfish (Sandeman and Sandeman 1996) and also in the postpueruli of spiny lobsters (Derbe et al. 2001) , so antennular amputation may reinstate a 'juvenile' mode of development.
We are currently investigating the dynamics of ORN proliferation after complete loss of the aesthetasc-bearing region of the antennule. Amputation of the entire lateral flagellum completely removes the peripheral olfactory tissue. Nevertheless, this type of injury is followed by complete regeneration, over the course of several moults (P.J.H.H. unpublished data). As described above, olfactory sensory units are continuously added proximal to existing sensory units under normal conditions, and this mode of addition is up-regulated after partial amputation of the peripheral olfactory system. It is therefore tempting to speculate that the development of new olfactory sensory units is positively regulated by the presence of healthy clusters located upstream. The development of new clusters even after removal of all peripheral olfactory tissue, however, indicates that the presence of existing clusters is not necessary for ORN development. Numerous studies using other animals, particularly the fruit fly Drosophila melanogaster, highlight the myriad of genes involved in development and the complexity of regulatory mechanisms involved in gene expression (Brody 2000; Sanes et al. 2000) . ORN development in spiny lobsters is therefore expected to be mediated by a complex set of factors that include both positive and negative regulation through locally mediated (cell-cell) and distantly mediated (i.e., hormonal) pathways.
Regeneration after Local Damage
A different form of damage, and one that involves a different mode of regeneration, is localized ablation of olfactory sensory units. Aesthetascs are protected by large guard hairs on the antennule, but damage to individual aesthetascs, or in some cases rows of aesthetascs, is occasionally observed on spiny lobsters (P.J.H.H. pers. obs.). The extent to which it occurs in nature is not known. Nevertheless, we can simulate this type of damage by shaving aesthetascs at their bases to remove them selectively. Here we describe the developmental events involved in regeneration of olfactory tissue in the antennule after ablation of sensory units. This type of ablation does not decrease the length of the antennule. Changes in the number of aesthetascs added and lost at moult, after partial antennular amputation (as indicated in Fig. 3 ). Normal (nonamputated) antennules (white bars) added an average of 14 and lost 10 aesthetasc-bearing annuli respectively at moult (number added: mean = 13.7, st. error = 1.0; number lost: mean = 9.7, st. error = 1.6; n = 13). Partially amputated antennules (black bars) added on average 38 and lost 0 aesthetasc-bearing annuli respectively at moult (number added: mean = 38, st. error = 9.0; number lost: mean = 0, st. error = 0; n = 4). Asterisks represent significant differences between normal and amputated antennules in aesthetasc-bearing annuli added (Student's ttest: df = 15, P < 0.0002) and lost (Student's t-test: df = 15, P < 0.005).
Our results indicate that local ablation of aesthetasc sensilla leads to degeneration of the associated ORN clusters (Fig. 5) . In these experiments the morphology of ORN clusters was examined at different times after ablation. Degeneration of ORNs was apparent three days after ablation, and complete degeneration was apparent after 10 days (Fig. 5) . We did not investigate the affect of ablation on axons or on the olfactory lobe, but it is reasonable to assume that the degeneration of ORN clusters is accompanied by axonal degeneration and therefore decreased afferent input to the brain.
Experiments were performed in which in-vivo incorporation of BrdU was used to monitor the regeneration of olfactory tissue after selective removal of olfactory sensory units. The results indicate that localized removal is followed by local regeneration of olfactory tissue (i.e., ORN clusters and aesthetasc sensilla). Furthermore, we found that removal of olfactory tissue in this manner (without a decrease in the length of the lateral antennular flagellum) had no effect on the proliferation of ORNs in the proximal region. Two types of ablation were performed, and cell proliferation was measured after 20, 40, and 80 days. The first type of ablation consisted of removal of aesthetascs from approximately 10 annuli located in the middle of the aesthetasc-bearing region. The second type consisted of removal of all aesthetascs on the flagellum. Figure 6A shows an example of proliferation that had occurred 20 days after the first type of ablation (aesthetascs ablated from 10 annuli as indicated by the boxed region). Proliferation occurred in the damaged region, but not among normal (undamaged) clusters located on either side of the site of injury. Proliferation could also be observed 40 days after ablation but not 80 days after (data not shown), probably because regeneration was complete by that time. Support for completion of regeneration within 80 days comes from the observation that some animals moulted during the course of this experiment, and the restoration of aesthetascs was apparent on the postmoult flagellum (Fig. 6B ).
An unexpected result from this study was that removal of all aesthetascs on a flagellum (i.e., all olfactory tissue) had no obvious effect on the proximal addition of ORNs. When all aesthetascs were removed, the pattern of proliferation appeared similar to that shown in Fig. 6A , except that proliferation occurred in all annuli that previously had aesthetascs (data not shown). Close inspection of the proximal proliferation zone in this tissue did not reveal the type of increased proximal proliferation that occurs after partial antennular amputation (e.g. Fig. 3B ). This finding emphasizes the point that the presence of healthy olfactory sensory units is not a requirement for the development of new sensory units. Furthermore, it suggests that the rate of proximal addition is regulated by factors that are influenced by the length of the antennular flagellum, independent of the presence of existing olfactory tissue.
Summary and Conclusion
We have described several aspects of postembryonic development of the olfactory system in crustaceans, with emphasis on the Caribbean spiny lobster, Panulirus argus. Persistent developmental mechanisms permit the addition of new olfactory tissue to accommodate the ever-increasing body size and simultaneous turnover, or renewal, of existing tissue. Under normal conditions addition and loss of olfactory sensory units on the lateral antennular flagellum, and of olfactory interneurons in the brain, are continuous. Net addition of olfactory tissue is achieved because addition normally exceeds loss (Sandeman and Sandeman 1996; Steullet et al. 2000a) .
Spiny lobsters appear to use more than one mechanism when regenerating olfactory tissue after damage. Findings presented in this paper implicate at least two distinct modes of tissue regeneration, and the particular mode seems to depend on the type of damage. When the length of the antennule is reduced, and sensory units are thereby removed, regeneration is achieved by modulation of the normal developmental pattern. Proximal addition is upregulated and distal loss down-regulated. When sensory units are removed without a decrease in the length of the antennule, regeneration involves local repair, and the normal developmental pattern is unaffected.
Our paper highlights the remarkable structural plasticity of the olfactory system of the spiny lobster. The evolution of mechanisms underlying this plasticity probably is related to the animal's indeterminate growth, long life expectancy, and the location of parts of the olfactory organ (antennules) as much as 20 cm from the body and their susceptibility to d a m a g e . R e c e n t w o r k h a s s h o w n t h a t m u l t i p l e developmental mechanisms persist into adult life in spiny lobsters and many other decapod crustaceans. Together, these mechanisms permit continuous growth and turnover of the olfactory system, repair after injury, and complete regeneration after loss. The lobster's olfactory system has proved for many years to be highly tractable for studies on neural function and more recently on neural development. Understanding the regulatory mechanisms that underlie neural development and regeneration is an exciting area for future research. Given the conservative nature of developmental mechanisms across species, information gained from this system is expected to be applicable to neural development in general.
